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This paper describes a computer algorithm for the determination of the interconnectivity
of  the pore space inside scaffolds used for tissue engineering. To validate the algorithm
and  its computer implementation, the algorithm was applied to a computer-generated
scaffold consisting of a set of overlapping spherical pores, for which the interconnectivity
was  calculated exactly. The algorithm was then applied to micro-computed X-ray tomog-
raphy  images of supercritical CO2-foamed scaffolds made from poly(lactic-co-glycolic acid)
(PLGA), whereby the effect of using different weight average molecular weight polymer onnterconnectivity
caffold
issue engineering
igital  image processing
icro-computed tomography
the  interconnectivity was investigated.
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nection  [11] and degree of communication between pores
Open access under CC BY license.. Introduction
or the repair or regeneration of injured or lost tissues, various
pproaches  involving biologically active compounds, cells and
caffolds  in combination or on their own are used, where the
caffold  acts as a three-dimensional (3D) temporary artiﬁcial
emplate  for cells to adhere to, enabling them to migrate, pro-
iferate  and differentiate [1]. For this reason the determination
f  optimal micro-structural and biochemical characteristics of
caffolds  plays an important role in tissue engineering.
Ideally, scaffolds should possess adequate mechanical
trength and permeability [2], high porosity [3], large surface
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Open access under CC BY license.area to volume ratio, as well as biocompatibility and non-
toxicity  [1]. Moreover, pore interconnectivity is an important
scaffold criterion [4,5] which inﬂuences nutrient supply [7],
circulation  of extracellular material [8], the contact between
adjacent  cells [9], and the promotion of blood vessel and bone
tissue  ingrowth [5,6].
The  term interconnectivity has been loosely deﬁned with
respect  to tissue engineering applications [4]. It has been
used  to describe the internal pore architecture [10], pore con- of Nottingham, University Park, Nottingham, NG7 2RD, UK.
in  a 3D environment [12,13]. Scanning electron microscopy
(SEM) has been widely used to investigate pore architecture
and  several approaches have been undertaken to determine
 s i n140  c o m p u t e r m e t h o d s a n d p r o g r a m
interconnectivity qualitatively [14,15,8]. In [16] the authors
utilized SEM to quantify the sizes and numbers of interconnec-
tions between pores. Despite its advantages, SEM only allows
two-dimensional (2D) measurements in a limited ﬁeld of view
[5,4] and has therefore been inadequate to investigate the pore
interconnectivity of 3D spaces. More  quantitative attempts
have been undertaken [4,17,18] by applying algorithms to 3D
images. In [5] the authors applied an algorithm to micro X-ray
computed tomography (CT) images in order to investigate the
path length between pores and the scaffold exterior. A more
recent approach also involving CT image  analysis was to
combine morphological operations with the watershed algo-
rithm to determine the size of interconnections between pores
[19,20].
Micro X-ray computed tomography is a non-destructive
image analysis technique [2,21–25] which enables the assess-
ment of the 3D architecture of porous scaffolds [26,27].  The
ﬁrst CT scanner was built in the 1980s for the evaluation
of the microstructure of trabecular bone [28], however this
technique was initially only available to a limited number
of research groups [29]. With the introduction of the ﬁrst
commercially available CT scanners [30,31],  this technique
became a standard method in bone research. Nowadays,
various types of CT scanners are available for different
applications [29]. In tissue engineering, CT has been widely
utilised for the characterisation of the microstructure of poly-
meric scaffolds [32–34].
This study presents a new approach to quantify the inter-
connectivity of tissue engineering scaffolds using a computer
algorithm applied to image  data sets obtained from CT.
The aim was to characterise the internal porous structure
of scaffolds by determining the proportion of the pore space
accessible by a spherical ‘cell’ of a given diameter. Thus the
interconnectivity of the scaffold was deﬁned as
Interconnectivity (IC)
= volume of pores accessible by a sphere with diameter d
total volume of all the pores
.
(1)
The algorithm presented in this paper for calculating the inter-
connectivity is a modiﬁcation of the approaches of authors
such as [4,5,35], and is based on the application of morpholog-
ical operations to the scaffold images.
2.  Materials  and  methods
2.1.  Experimental  methods
2.1.1.  Fabrication  of  foamed  scaffolds  using  supercritical
carbon  dioxide  (scCO2)
For the scaffold fabrication poly(lactic acid-co-glycolic acid)
(PLGA) with a lactide–glycolide ratio of 85:15 and weight
average molecular weights (Mw) of 50 kDa, 92 kDa and
118 kDa were obtained from Lakeshore Biomaterials. The
corresponding inherent viscosities of the polymer solutions
were 0.38 dL g−1, 0.66 dL g−1 and 0.75 dL g−1, respectively (data
provided by Lakeshore). PLGA scaffolds were prepared as pre-
viously described [33]. Brieﬂy, 150 mg  polymer was weighed b i o m e d i c i n e 1 0 6 ( 2 0 1 2 ) 139–149
in a Teﬂon mould (12 wells; diameter: 10 mm,  height: 10 mm;
made in house); three scaffolds were prepared for each Mw. For
easy removal of scaffolds, the mould was designed without a
top lid and a detachable base [36].
The mould was placed in a 60 ml  clamp sealed stainless
steel high-pressure autoclave, which was equipped with a
heating jacket with a CAL 3300 temperature controller (CAL
controls, UK) for temperature control and a pressure trans-
ducer for pressure monitoring. The autoclave was made in
house. To connect the system, high pressure valves (HIP) (High
pressure Equipment Company, USA) and Swagelok (USA) ﬁt-
tings were applied. A high pressure PM101 pump (New  Ways
of Analytics, Germany) was used to compress the CO2.
The autoclave was heated to a temperature of 35 ◦C and
then pressurised to 230 bar over 20 min  ﬁlling time. The pres-
sure of the vessel was held constant during the 60 min  soaking
time, and then depressurised to an ambient pressure during
the 120 min  venting time. The pressure during the ﬁll, soak
and vent was controlled by a backpressure regulator (BPR)
(Bronkhorst, Netherlands) and associated computer software.
The resulting porous PLGA scaffolds were surrounded by a
non-porous polymer skin, which was cut off with a scalpel
blade. The resulting scaffolds had diameter 10 mm  and were
between 5 mm and 7 mm in height (Fig. 1, column 2).
2.1.2. Digital  images
Digital images of the scaffolds were taken using a Kodak digital
camera (Kodak Easy Share C633, 1.6 mega pixels, Germany).
2.1.3.  Micro  X-ray  computed  tomography
Micro X-ray computed tomographic analysis was performed
using a high resolution 1174 Skyscan system (Skyscan, Bel-
gium). The cylindrically shaped scaffolds (Fig. 1, column 2)
were mounted on the stage within the imaging system and
scanned at 14.3 m voxel resolution, 800 A current and 50 kV
voltage.
An accompanying Skyscan software package was used to
process the transmission images that were obtained from the
CT scan. The ﬁrst step was the conversion of the transmis-
sion images to reconstructed 2D cross-sections which were
saved as 16 bit images in the tagged image  ﬁle format. To dis-
tinguish the solid polymeric material from the void regions,
a global thresholding procedure was then performed with a
thresholding level set at 35/255. The amount of noise in the
images was reduced by removing black and white speckles of
a size of less than 100 voxels. Average pore sizes and pore-size
distributions were obtained by applying direct morphometric
algorithms which were included with the Skyscan software
package. Porosities were calculated by subtracting the object
volume from the total volume and dividing the so obtained
unoccupied volume by the total volume. Binarised images
were saved after image  processing.
2.1.4. Scanning  electron  microscopy
A scanning electron microscope (SEM) (Jeol JSM-6060LV vari-
able pressure scanning electron microscope, Jeol (U.K.) Ltd.)
was used to investigate scaffold morphology. Samples were
mounted on SEM stubs (Philips 12 mm Aluminium stubs,
AGAR Scientiﬁc Ltd.) using adhesive carbon tabs (Agar Sci-
entiﬁc Ltd.) and sputter-coated (Balzers SCD 030 sputtering
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evice, Balzers Union Ltd.) with gold at 30 mA  for 5 min  with a
4 kV accelerating voltage.
.2.  Interconnectivity  analysis
.2.1.  Derivation  of  algorithm
he method described here to calculate the interconnectiv-
ty is based on the application of morphological operations to
he binarised CT image  data of the scaffolds. Although the
lgorithm is applied in three space dimensions, for clarity the
rocedure is illustrated in Fig. 2 in two space dimensions for
 square construct having several circular pores (Fig. 2A). The
ixels in the image  representing the scaffold (light grey) are
ssigned the value 1 and those representing the pores and the
xterior (dark grey) are assigned the value 0.
First it is necessary to separate the interior and exterior
arts of the scaffold. For the simple construct shapes con-
idered in the experiments (cylinders; see Fig. 1, column 2)
his can be done by computing the convex hull [37] of the
ixels representing the scaffold (dashed line in Fig. 2A), this
eing likened to a ‘shrink-wrapping’ of the scaffold. The region
nside the convex hull, comprising either scaffold or pore
pace, is deemed to be the interior of the scaffold. To deter-
ine the fraction of the interior pore space that is accessible
y a circular ‘cell’ (structuring element) of radius r pixels, a
orphological dilation [37] using a disc of radius r pixels is
erformed on the scaffold (step B). The dilation of a set of
ixels using a structuring element is deﬁned as the set of all
he pixels which the structuring element, when centred on
 pixel from the original set, will contain at least one pixel
ith the value 1 from that set. After assigning all the pixels
n the dilated set the value 1, this operation has the effect of
ig. 1 – Representative images of scCO2 scaffolds made from 50 k
t 100× (92 kDa and 118 kDa) and 95× (50 kDa) magniﬁcation wit
00 m (50 kDa). Scale bars in the digital images and the CT cro o m e d i c i n e 1 0 6 ( 2 0 1 2 ) 139–149 141
expanding the scaffold into the pore space by a distance of r
pixels (white), because any pixels within a distance r of the
scaffold will be in the dilated set. Those parts of the pore not
within the dilated region, i.e. those that remain dark grey in
Fig. 2B, are not within r pixels of the scaffold and hence repre-
sent areas where the centre of a structuring element could be
placed without being in contact with the scaffold surface. In
step C areas that can be accessed from the scaffold exterior by
a path taken through adjacent pore pixels (8-neighbourhood)
are determined using a connected component analysis [37].
This step assigns unique integer labels (1–4) to the discon-
nected pore regions, where the label 1 is assigned to those
regions that are connected to the exterior, and those with
the labels 2–4 are assigned to those regions that cannot be
accessed from the exterior. Finally, because the regions deter-
mined in step C represent the allowable positions of the centre
of a structuring element for it to not be in contact with the
scaffold, a dilation operation is performed in step D to recover
the extent of the original pore.
These steps are illustrated in Fig. 2 for a circular structuring
element having radius 25 pixels. Because the opening between
two of the pores in the original scaffold is less than the diam-
eter of the structuring element, d = 2r + 1 = 51 pixels, the large
interior pore becomes disconnected from the exterior in step
C. According to Eq. (1),  the numerical value of the intercon-
nectivity is calculated as the ratio of the number of pixels in
the dark-grey area within the dashed line in Fig. 2D (accessi-
ble pore area) to the number of pixels in the dark-grey areas
within the dashed line in Fig. 2A (total pore area).2.2.2.  Image  data  segmentation
For data of real scaffolds the same procedure was carried out
in three dimensions and a spherical structuring element was
Da, 92 kDa and 118 kDa Mw PLGA. SEM images were  taken
h scale bars showing 100 m (92 kDa and 118 kDa) and
ss-section images are 2 mm and 1 mm,  respectively.
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Fig. 2 – Illustration of the steps used to calculate the interconnectivity for a simple idealised two-dimensional square
scaffold. To establish the interior of the scaffold, in step A the convex hull (dashed line) of the pixels representing the
scaffold (light-grey region) is calculated. In step B a morphological dilation of the scaffold is performed using a circular
structuring element with radius r = 25 pixels, which has the effect of increasing the extent of the scaffold into the voids
(dark-grey region) by a distance of r pixels. In step C a connected component analysis of the dilated scaffold (white and
light-grey regions) identiﬁes the parts of the scaffold (labelled 1) that can be reached from the exterior by the centre of the
structuring element. In step D a morphological dilation is performed of the accessible regions determined in step C to
recover the extent of the original pores. This procedure results in the large central pore region becoming disconnected from
the exterior since the opening to the exterior is through a gap less than 51 pixels wide. The value of the interconnectivity is
the ratio of the area of the dark-grey region within the convex hull in (D) to the total area of the pores. The scale bar in (A) is
100 pixels wide.
used. The binarised data was extracted from the Skyscan pro-
gram as a set of bit-map ﬁles, with each ﬁle representing a
one-voxel thick 2D slice of the sample. To calculate the volume
of a region within the digitised scaffold image,  the number of
voxels comprising the region was multiplied by the volume of
a single voxel, i.e. the cube of the CT scanning resolution.
To determine the total pore volume, i.e. the denominator
in Eq. (1),  the convex hull of the scaffold was computed for
each slice and the number of pore voxels within the convex
hull was determined. Because the scCO2 scaffolds used in this
study were approximately cylindrical, the curves of the convex
hull were approximately circular as in Fig. 3 rather than square
as in the example shown in Fig. 2.
The procedure to determine the accessible pore volume for
the 3D case was the same as that described in §2.2.1 for the 2D
case. However, because of the limited size of dynamic mem-
ory versus the amount of memory  required to hold the full 3D
image  of the scaffold, a technique was employed whereby the
scaffold data was divided into a series of blocks, and the anal-ysis performed on each block sequentially. The algorithm was
performed on blocks w slices thick (see Fig. 3) with adjacent
blocks having the same slice at their facing edges. Because
a structuring element centred on a voxel inside a block will
extend r voxels into the adjacent block, r slices on either side of
the block were included in the processing of the block. For each
block the dilation step (corresponding to step B in Fig. 2) was
performed with the result saved to disk, then the connected
component analysis was performed (corresponding to step C
in Fig. 2) and the result saved in memory. As each block was
processed in turn, a set of binary associations were generated
between the pore components at the overlapping edge slices.
These were resolved after all blocks had been processed to
determine the accessible pore components of the full comple-
ment of slices. Then, each of the dilated blocks were retrieved
from disk in turn and the regions corresponding to the acces-
sible pore components were dilated (corresponding to step D
in Fig. 2) which, accounting for the overlap between slices,
allowed the total volume of the accessible pores to be deter-
c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i
Fig. 3 – Processing of the full complement of slices
consisted of processing blocks of w slices in turn, but a
further r slices had to be referenced on each side of a block
when performing the morphological operations. Also in the
connected component analysis, associations generated at
the overlap between blocks had to be preserved and
resolved at the end of the analysis to determine the pore
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exterior and the pore.omponents connected to the exterior.
ined. Finally the interconnectivity for the complete scaffold
as calculated using Eq. (1).
The procedure is illustrated schematically in Fig. 3. The ﬁg-
re shows how blocks 1 and 2 have an overlapping slice, i.e.
hey have the same slice in common at their facing edges. The
onnected component analysis applied to each block uniquely
abels the pore regions as shown in Fig. 3. Note that the label
 occurs in both blocks because the algorithm identiﬁes that
hese regions connect to the exterior elsewhere within the
ame block of slices, even though they do not connect to the
xterior on the slice at the facing edges. Because the labelled
ore regions shown in Fig. 3 correspond to the same region
f the complete scaffold, the binary associations {1, 5}, {2, 6},
3, 7} and {1, 4} are generated between the pore regions. The
rocess is repeated between blocks 2 and 3, and so on for all
locks in the scan. Once all the blocks have been processed, all
he associations generated are resolved. Thus the pore regions
n Fig. 3 that are labelled 4 and 5 (and all pore components
ssociated with them) will be determined to be part of the
ccessible pore space, since they are associated with the label
, even though they are disconnected when considering each
lock separately.The procedure described above was implemented using the
ATLAB© computer package running on a Linux-based PC,
ith the convex hull, morphological operations and connected o m e d i c i n e 1 0 6 ( 2 0 1 2 ) 139–149 143
component analysis performed using the functions provided
with the MATLAB© Image  Processing Toolbox.
2.3.  Generation  of  a  virtual  scCO2 scaffold
To validate the algorithm and the computer implementation
described in §2.2, a computer-generated image  of a scaf-
fold was produced for which the interconnectivity could be
calculated exactly. The image  was generated from a set of
overlapping spherical pores placed one by one throughout a
rectangular-prism shaped region (see Fig. 4A), each sphere
having a randomly chosen radius and centre position, thereby
creating a porous structure that resembled a scCO2 scaffold.
The virtual scaffold had dimensions 200 ×200 × 100 voxels.
Position coordinates for the centres of 500 pores were chosen
within the construct from three continuous, uniform random
number distributions for each of the x, y and z coordinates.
The radii of the pores were chosen from a continuous, uniform
random number distribution with minimum and maximum
radii of 10 and 30 voxels, respectively. Using the resulting set
of pore centres and the radii, a set of bit-map ﬁles were gen-
erated, each representing the binarised image  of a one-voxel
thick horizontal slice through the scaffold. This was done by
initialising the values of all voxels to 1 in the virtual scaffold
and then setting the values of voxels lying inside each pore
to 0. A representative 2D horizontal slice through the virtual
scaffold is shown in Fig. 4B. Note that the appearance of very
small pores in the image  is actually due to the cross-section
clipping the tops of pores.
The interconnectivity of the virtual scaffold can be calcu-
lated by considering the curve of intersection between two
pores, or between a pore and the surface of the scaffold, which
in both cases is a circle. If two overlapping pores are sepa-
rated by a distance s12 and have diameters d1 and d2, it can be
shown that the diameter of the circular window between the
two pores, denoted dw, is
dw =
[(
1 −
(
d1 − d2
2s12
)2)  ((d1 + d2
2s12
)2
− 1
)]1/2
, (2)
noting that because the two pores intersect, the condition
d1 + d2 ≤ 2s12 must hold. A spherical structuring element with
diameter d can pass between the pores through the window
formed by their intersection, only if
d < dw. (3)
Similarly if a pore with diameter d1 overlaps with one of the
rectangular faces of the virtual scaffold, and whose perpen-
dicular distance from the face is s1f, the curve of intersection
of the pore with that face is a circle with diameter
dw = (d21 − 4s21f)
1/2
. (4)
Again, Eq. (3) speciﬁes the maximum diameter that a structur-
ing element can have to be able to pass between the scaffoldEach of the pores in the virtual scaffold was assigned a
unique integer label from the set 2, 3, 4, . . ., and the scaffold
exterior was assigned the label 1. Given a structuring element
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Fig. 4 – Validation of the algorithm using a virtual scaffold. A three-dimensional representation of a scCO2 scaffold (A) was
created by overlapping spheres inside a rectangular box with dimensions 200 × 200 × 100 voxels. A representative slice
taken horizontally with dimensions 200 ×200 ×1 voxels is shown in (B). As demonstrated in (C) for the simple
two-dimensional scaffold from Fig. 2, the exact value of the interconnectivity of the virtual scaffold was calculated by ﬁnding
 25 pthe proportion of the internal pore space a circle of radius r =
with diameter d, binary associations were generated between
intersecting pores, and between pores and the exterior if they
intersected with the scaffold surface, if Eq. (3) was satisﬁed.
Resolving these associations identiﬁed the pores within the
scaffold that were accessible from the exterior.
The total volume of the accessible pores was then calcu-
lated. This procedure takes into account the common volume
contained in the two  spherical segments that comprise the
region of intersection of the pores. If two overlapping pores
are separated by a distance s12 and have diameters d1 and d2,
it can be shown that the volume contained in their common
region of intersection, V12c, is given by
V12c = 6
(
h31 + h32 +
3
4
d2w(h1 + h2)
)
, (5)
where the formulae for the quantities h1 and h2 are given by
h1 = d12 −
(
d21
4
− d
2
w
4
)1/2
, (6)
h2 = d22 −
(
d22
4
− d
2
w
4
)1/2
, (7)and dw is given by Eq. (2).  The total volume of the overlapping
pores, V12, can be found by adding the volumes of the two
pores and subtracting the volume contained in their intersec-ixels (dashed) can penetrate into from the scaffold exterior.
tion (having been counted twice in the summation), thus
V12 = 6 (d
3
1 + d32) − V12c. (8)
Similarly if a pore intersects with one of the faces of the scaf-
fold, its volume, V1f, is given by
V1f =

6
(
d31 − h31 −
3
4
d2wh1
)
, (9)
where dw is given by Eq. (4) and h1 is given by Eq. (6).
The centres of the pores and their radii were chosen so
that no three pores had a common region of intersection. This
was veriﬁed during the generation of the virtual scaffold when
adding a new pore, Pa, to the existing set of pores. If for the ran-
domly chosen position and radius for Pa, it was found that the
pore intersected with two existing pores Pb and Pc, the spher-
ical angle, ab, subtending the region of intersection between
pores Pa and Pb, and the spherical angle, ac, subtending the
intersection between pores Pa and Pc, both angles measured
from the centre of Pa, were calculated. Also the angle between
the line joining the centres of Pa and Pb and the line join-
ing the centres of Pa and Pc, denoted bac, was determined.
From simple geometric considerations it can be shown that
if (1/2)ab + (1/2)ac > bac then there is a common region of
intersection between the pores Pa, Pb and Pc. Thus if this cri-
terion was satisﬁed for all such pores Pb and Pc that intersect
with the pore Pa, a new radius and position was calculated
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Table 1 – Summary of the quantitative data of scaffolds prepared from scCO2 and with different weight average molecular
weights of PLGA. The quantities are divided into three groups: polymer characteristics whose values were  provided by
the manufacturer, standard parameters calculated using commercially available software, and those determined using
the algorithm. Of the latter, the quantity ICmax is the maximum value of the interconnectivity, obtained when the
structuring element with the smallest diameter is used, and the quantity d50 is the diameter of the structuring element
such that the interconnectivity is 50% of ICmax. Data are given as means and standard deviations (n = 3).
Polymer characteristics Standard parameters (CT) Algorithm
Mw (kDa) Inherent viscosity (dL g−1) Porosity (%) Pore size (m)  ICmax d50 (m)
50 0.38 66 ± 4 250 ± 4 1 ± 0 134 ± 14
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or Pa and the process repeated. Avoiding common regions
f intersection between any three pores ensured that all the
indows between the pores were complete circles, thereby
llowing the formulae given above to be applied to a pore that
ntersected with several other pores.
While Eqs. (5)–(9) allow the volume of intersecting accessi-
le pores to be calculated, if an accessible pore intersects with
 non-accessible pore, the part of the non-accessible pore that
an be reached by the structuring element must be included
n the accessible volume. This requirement is illustrated in
ig. 4C for the 2D scaffold from Fig. 2. The pore labelled 5 is
ccessible to the exterior whereas the pore labelled 3 is not,
owever the structuring element, being a disk of diameter
 = 51 pixels (dashed circle), protrudes into the non-accessible
ore even though it is too narrow to pass completely through
he window between the pores. The volume contained in the
rotrusion of the structuring element into a non-accessible
ore in 3D is calculated using the diameter of the structuring
lement and the positions and diameters of the intersecting
ores (details not given). A similar approach must be taken
hen considering a non-accessible pore that intersects with
he scaffold exterior, since in that case there will be an acces-
ible region of the non-accessible pore that can be reached by
he structuring element inwards from the exterior.
ig. 5 – Histogram of the pore-size distributions of scCO2 scaffold
eights of the rectangles indicate the relative number of pores w
icks on the horizontal axes. Results for each Mw are given as th113 ± 8 1 ± 0 84 ± 5
115 ±  2 1 ±  0 87 ±  4
After calculating the volume of the accessible pores and
the total volume of all the pores within the virtual scaffold,
the interconnectivity was calculated using Eq. (1).  The process
of calculating the interconnectivity of the virtual scaffold is
illustrated in Fig. 4C for the 2D scaffold from Fig. 2. The num-
bers indicate the labels of the exterior and of the six pores.
For the case of a structuring element diameter of d = 51 (the
same value used in Fig. 2), applying Eq. (3) gives the following
associations between the pores and the exterior: {1,5}, {1,2},
{3,4}. Resolving these associations gives the set {1,2,5} as the
components associated with the exterior. The interconnectiv-
ity is calculated as the dark-grey area inside the dashed line
divided by the total pore area inside the dashed line in Fig. 4C.
Note that the accessible pore area includes the protrusion of
the structuring element into the pore labelled 5.
3.  Results
3.1.  Scaffold  characterisationFor scaffolds fabricated from 50 kDa, 92 kDa and 118 kDa  Mw
PLGA, results from the 3D CT analysis are given in Table 1.
Porosities were found to be between 56% and 66% and aver-
s made from 50 kDa, 92 kDa and 118 kDa Mw PLGA. The
hose size lies between the pore sizes indicated at adjacent
e average of three scaffolds.
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Fig. 6 – Graph showing comparison of the interconnectivity
of the virtual scaffold determined using the algorithm
described in §2.2 with the exact value determined using
the method described in §2.3. The interconnectivities are
given as functions of the diameter of the spherical
there was found to be negligible difference between the ICstructuring element.
age pore sizes were between 113 m and 250 m.  The lower
Mw scaffolds tended to have higher porosities. Visual inspec-
tion of the SEM images supported the trend seen in the CT
data that lower Mw resulted in smaller average pore sizes
(Fig. 1, column 3). However, considering the similar Mw of the
92 kDa and 118 kDa scaffolds, large differences in porosity and
pore size were not expected. Similar observations were made
in previous studies [38,39].  Standard deviations of less than
9% indicate that the fabrication process is repeatable within
batches. Visual inspection of 2D CT cross-sections (Fig. 1,
column 4) showed that the pore distribution throughout the
scaffold was more  homogeneous for the higher Mw (92 kDa
and 118 kDa) scaffolds than the lower Mw scaffolds (50 kDa).
Further work would be necessary to investigate the absolute
differences between 92 kDa and 118 kDa scaffolds.
Fig. 5 shows a histogram of the pore-size distributions for
the different Mw scaffolds. The spread in the pore sizes of the
92 kDa and 118 kDa scaffolds were very similar, whereas the
sizes of the pores of the 50 kDa scaffolds were distributed over
a much wider range.
3.2.  Validation  of  the  algorithm  with  a  virtual  scCO2
scaffold
Prior to using the algorithm described in §2.2 to analyse the
interconnectivity of the scCO2 scaffolds, the algorithm was
validated by running it on the set of bit-map ﬁles created from
the virtual scaffold described in §2.3 as if it were CT data of
a real scCO2 scaffold.
Fig. 6 shows the comparison between the interconnectivity
of the virtual scaffold as a function of the structuring ele-
ment diameter, calculated using the algorithm described in
§2.2 (solid line), with that calculated exactly using the method
described in §2.3 (dashed line). While the two curves are in b i o m e d i c i n e 1 0 6 ( 2 0 1 2 ) 139–149
good agreement, discrepancies occur due to the voxelation
arising from the conversion of the exact mathematical rep-
resentation of the virtual scaffold to the binarised image.  The
algorithm is most sensitive to the voxelation along the edges
of windows between intersecting pores, the result being that
the morphological dilation step illustrated in Fig. 2B does not
exactly determine where the centre of a structuring element
can be placed to avoid touching the scaffold. This results in
the protrusion by a structuring element into a non-accessible
region not being perfectly spherical, as it is assumed to be
in the exact calculation of the interconnectivity. This can be
seen in the 2D case when comparing the shape of the acces-
sible region determined by the algorithm, shown in Fig. 2D,
with that determined exactly, shown in Fig. 4C. This discreti-
sation error can be reduced by increasing the resolution of the
binarised image.
3.3.  Application  of  the  algorithm  to  scCO2 scaffolds
The algorithm described in §2.2 was used to calculate the inter-
connectivity of scCO2 scaffolds manufactured from 50 kDa,
92 kDa and 118 kDa Mw  PLGA, with three scaffolds analysed for
each Mw. The algorithm was applied to 2D slices each compris-
ing 1000 × 1000 voxels, with >400 slices taken in the vertical
direction. Blocks of 50 slices each were used for the scaf-
fold segmentation technique described in §2.2.2, i.e. w = 50
in Fig. 3. The interconnectivity, calculated as a function of the
structuring element diameter, d, is shown in Fig. 7A, where
the value of d in m was obtained by multiplying the diam-
eter in voxels by the CT resolution, i.e. the size of the edge
of a voxel (14.3 m).  When the smallest value of d was used,
this being equal to one voxel, nearly all of the pores were open
to the exterior (interconnectivity ≈1). In this case the acces-
sible pore volume is equal to the volume that can be reached
from the exterior by paths taken through adjacent pore vox-
els (26-neighbourhood). As d was increased, more  pores were
closed off from the outside because the structuring element
cannot pass through the windows between the pores, thus
the interconnectivity decreases. The curves do not appear to
reach zero for the given range of diameters possibly because
of irregularities in the surface of the scaffold which the algo-
rithm interpreted as being very large pores that open onto the
scaffold surface.
A useful means of characterising the curve of the intercon-
nectivity as a function of the structuring element diameter,
d, is to specify the maximum value of the interconnectivity,
ICmax, which is obtained when the smallest value of the struc-
turing element diameter is used, and the value of d at which
the interconnectivity falls to 50% of the value of ICmax. The
method by which this value of d, denoted d50, was calculated
for each of the three 50 kDa scaffolds analysed is illustrated in
Fig. 7B, where linear interpolation was used to interpolate the
curve between the data points. Also indicated in Fig. 7B are
the values of ICmax for each of the three scaffolds. The aver-
age and standard deviation of the values of ICmax and d50 for
the sets of different Mw scaffolds are given in Table 1. Whilemax
values, it can be seen that d50 increased as the average pore
size and porosity increased. The polymer with the lowest Mw
(50 kDa) had the highest value of d50 and also the largest sized
c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i
Fig. 7 – Graphs showing (A) interconnectivity as a function
of structuring element diameter for scCO2 scaffolds made
from 50 kDa, 92 kDa and 118 kDa Mw PLGA, with error bars
indicating the means and standard deviations (n = 3), and
(B) method of determination of the ICmax and d50 values for
the three different 50 kDa scaffolds. The value of ICmax is
the maximum value of the interconnectivity, which is
obtained when the smallest value of the structuring
element diameter, d, is used, and the value of d50 is the
structuring element diameter for which the
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subjective manner [40,41].  The issue of the selection of thenterconnectivity is 50% of ICmax.
ores and porosity, presumably because it is least viscous as a
iquid, and foams more  readily than the higher Mw polymers
33].
.  Discussion
his paper presents a method for calculating the intercon-
ectivity, i.e. the fraction of the internal pore space accessible
y a spherical structuring element of a given size, of scaffolds
sed in tissue engineering. The method uses a combination of
orphological operations applied to the binarised images of o m e d i c i n e 1 0 6 ( 2 0 1 2 ) 139–149 147
scaffolds obtained using CT. The algorithm was validated by
applying it to a virtual scaffold for which the interconnectivity
could be calculated exactly. It was then applied to images of
scCO2-foamed scaffolds made from PLGA with different Mw.
It was found that interconnectivity appeared to increase with
average pore size and porosity, and that higher interconnec-
tivities were obtained from the lowest Mw scaffolds.
To characterise the curve of interconnectivity as a func-
tion of the diameter of the structuring element, two  key
parameters were deﬁned: ICmax, the maximum value of the
interconnectivity, obtained using the smallest possible diam-
eter of the structuring element; and d50, the diameter of the
structuring element where the interconnectivity is 50% of
ICmax. These two parameters should prove to be useful in
future studies for characterising the properties of tissue engi-
neering scaffolds.
The method of applying morphological operations to dig-
ital images of scaffolds to calculate the interconnectivity has
been used by other authors, in particular [4].  The present
work represents a signiﬁcant improvement on these studies
because it employs a combination of morphological oper-
ations for which the determination of the accessible pore
space is better justiﬁed. While [4] also tested their approach
on a virtual scaffold, their scaffold consisted of a regu-
lar array of square pores with square openings between
the pores. The work presented here uses a more  realis-
tic virtual scaffold to validate the algorithm, which more
closely resembles a tissue engineering scaffold foamed using
scCO2.
It should be noted that although the explanation of how the
algorithm works and its validation use simple idealised scaf-
folds, in the latter case a scaffold comprising spherical pores
with circular intersections, the operation of the algorithm is
still valid for a real scaffold where an opening between two
pores can have a highly irregular shape. The algorithm sim-
ulates the blocking of a real cell by such an irregular opening
and, as for a real cell migrating between two  pores, the struc-
turing element will become blocked when if its diameter is
larger than the smallest distance across the opening.
A limitation to the use of digital images obtained using the
CT equipment was the inability to produce images of the
scaffolds with sufﬁcient resolution. Close inspection of the
SEM images (see Fig. 1, column 3) revealed that some pores
were separated from each other by walls that were thinner
than the CT resolution (14.3 m).  Thus if very many  ﬁne fea-
tures are lost from the images this can lead to an overestimate
of the interconnectivity (two pores that appear to be joined
in the images may in reality be closed off from each other).
Also, if a large proportion of the pores in the scaffold have
openings whose size is comparable to the CT resolution the
algorithm may produce inaccurate results due to discretisa-
tion errors.
A major problem in the use of CT equipment to image
tissue engineering scaffolds is how to choose the appropriate
threshold to produce binarised images from the raw grayscale
CT images; this threshold is usually set manually in a verythreshold was beyond the scope of the present study, and
the same threshold was used consistently for all scaffolds to
produce the binarised images.
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The typical diameter of a chondrocyte (≈20 m)  which
would be seeded into scaffolds to produce a tissue engineered
cartilage implant, is at the very low end of the range of values
used for the structuring element diameter (see Fig. 7). Thus,
leaving aside the issue of CT resolution mentioned above,
a single cell would ﬁnd all the scCO2 scaffold pores accessi-
ble. However, during dynamic seeding of cells into scaffolds,
for example in a rotating bioreactor, many  cells tend to settle
in the pores close to the scaffold surface. This is due to the
characteristics of the ﬂuid ﬂow through the pores, the lack
of nutrients inside the scaffold, and cell adhesion and pro-
liferation, which tends to cause blocking off of the surface
pores with aggregates of large numbers of cells. Neverthe-
less a scaffold with a large d50 value would be expected to
have a pore structure with large connection sizes and hence
have a high permeability. This could facilitate inﬁltration of
cells and ﬂuid into the scaffolds during seeding, as well as the
ingrowth of tissue when the scaffolds are implanted in vivo.
However, highly interconnected scaffolds may lack mechani-
cal integrity and present insufﬁcient surface area for cells to
adhere to [42].
The algorithm presented in this paper could easily be
adapted to calculate the interconnectivity within sub-regions
throughout tissue engineering scaffolds. It would be instruc-
tive to do this for the 50 kDa scaffolds which have a clearly
visible heterogeneous spatial distribution in the pore size
(see Fig. 1, column 4). Although the 50 kDa scaffolds have
the advantage of higher interconnectivity, implying possibly
higher permeability, any heterogeneity in the interconnectiv-
ity may cause the cell distribution and tissue quality to become
non-uniform through the scaffold after incubation in a biore-
actor or after implantation.
The 50 kDa scaffolds were shown to have a much wider
spread in the distribution of pore sizes compared to the 92 kDa
and 118 kDa scaffolds (see Fig. 5). Further work could be to
investigate how the shape of the pore-size distribution affects
the d50 and ICmax values and the shape of the interconnectivity
curve as a function of the structuring element diameter.
Other applications of the algorithm could include the
assessment of interconnectivity of scCO2 scaffolds when other
manufacturing parameters in the foaming process are varied,
such as temperature, pressure and vent time [33]. A shorter
vent time and temperatures below the critical temperature
were shown to lead to a more  closed and non-uniform scaf-
fold pore structure [33], and are therefore assumed to result
in lower interconnectivities. However, further experiments
and analysis are necessary to quantify how interconnectivity
depends on these parameters.
Application of the algorithm need not be limited to scCO2
scaffolds; it could be used to analyse the interconnectivity of
a variety of other porous biomaterials such as salt-leached
solvent-cast scaffolds, electrospun scaffolds and bone. Given
the importance of pore interconnectivity as a property of such
materials, the algorithm described in this paper should prove
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